Numerical simulation has recently emerged as a powerful tool for exploring this interaction as demonstrated in the recent works of (Pirnar, Dolenc-Grošelj, Fajdiga, & Žun, 2015) , (Zhao, Barber, Cistulli, Sutherland, & Rosengarten, 2013) , . Typically, the airway anatomy is reconstructed from medical imaging such as Computed Tomography (CT) or Magnetic Resonance Imaging (MRI). The pharynx is modeled as a flexible structure, including the soft palate and the lateral walls. The Fluid-Structure Interaction simulations show a strong interaction between the soft palate and airway dynamics. It has been shown that there exists a fluttering of the soft palate during the peak expiration period with the frequency around 17.8 Hz (Zhu et al., 2012) .
In this work, we developed a model of the human upper airway and perform fluid-structure interaction (FSI) simulations to quantify the coupling between soft palate displacement and airflow dynamics. Our goal was to understand the mechanism leading to the total occlusion. The three-dimensional model of the airway was reconstructed from the MRI images of a healthy subject using the commercial software Mimics 19.0. It has been demonstrated that upper airway collapse can be triggered in healthy humans using sub-atmospheric nasal pressures (Schwartz, Gold, Schubert, & Stryzak, 1991) . As the demonstration for the feasibility of the method, the data from this healthy subject is thus used.
Following the approach of (Pirnar et al., 2015) , the soft tissues surrounding the pharynx (soft palate, lateral walls, and posterior wall) were included in the model, thus providing realistic boundary conditions for the FSI simulation (Figure 1 ). The 3D model was reconstructed from the segmentations and exported in STL format. The geometries were imported into ANSYS SpaceClaim (Release 18.1, 2017) to smooth the surface mesh. The fluid domain was discretized using ANSYS ICEM CFD (Release 18.1, 2017) with 300,000 tetrahedral elements.
Figure 2: The breathing pattern of the human subject
The solid domain was discretized with 20,000 elements with a nearly uniform wall thickness of 1 mm. In this work, we consider the tissue behavior as Neo-Hookean material (Subramaniam et al., 2016) with the equivalent Young modulus of E = 1000 Pa and Poisson ratio = 0.475 (Birch & Srodon, 2009) . The parameters for the Neo-Hookean material are: i) density ρ = 980 kg/m 3 , initial shear modulus μ = 339 Pa and the incompressibility parameter D1 = 0.0005 Pa -1 .
The human breathing pattern was simulated as a timedependent, sinusoidal airflow rate with a period of 3s and peak volumetric flow rate of Qmax = 25 l/min as shown in Figure 2 . In the vicinity of the face, a gauge pressure of 0 Pa was prescribed. The air-tissue interface at the pharynx (Figure 1 ) was allowed to deform whereas the other wall regions were assumed rigid. The mucus layer covering the epithelium was neglected and the no-slip boundary condition was applied at the wall. The external surface of the posterior wall was assumed rigid to represent tissue adhering to bone (spine). Neurological control and gravity were not considered in our simulation. Fully developed boundary condition was applied for flow condition at the trachea outlet.
The governing equations describing the fluid and solid mechanics were discretized and solved with the commercial software ANSYS Workbench 18.1 (2017). The temporal discretization was set with second-order implicit scheme. The coupled algorithm was set to apply for the pressure-velocity linked equations. Pressure interpolation was done using the Standard scheme and the second order upwind scheme. The second order upwind scheme was used to discretize the convective terms in the momentum equation. Dynamic mesh was enabled with boundary-distance-based diffusion smoothing and remeshing to maintain the quality of the deforming mesh. A smoothing algorithm controls the dynamic mesh to preserve the mesh in the vicinity of the moving boundary. The maximum number of iterations per time step was set to 5. The ANSYS System Coupling was used to perform data exchange between the fluid and structural fields. A maximum of 5 staggered iterations were allowed in a coupling step and a time increment of 1e-4 was sufficient to fulfill the convergence criteria.
RESULTS
The collapse of the nasopharynx is shown in Figure 3 . Due to the pressure drop during inspiration, the soft palate comes into contact into the posterior wall of the pharynx as shown in Figure 3b . This collapse increases the mechanical stresses in the inner side (air interface) of the pharynx.
The flow pattern changes significantly between expiration and inspiration. During expiration, there exists a large circulatory region inside the nasopharynx. This large vortex is the result of the reversal jet from the velopharynx.
During inspiration, the pharyngeal jet locally accelerates the flow as shown in Figure 4a . Such a local impact reduces the pressure at the tip of the soft palate, thus promoting the collapse of the soft palate towards the posterior wall (Figure 3b ).
The flow patterns in the nasal cavity are reversed, but similar during inspiration and expiration. In contrast, the flow in the nasopharynx region is dynamic during the breathing cycle. Note that there exists a high velocity region in the trachea and near the epiglottis, which potentially leads to a significance drop in local pressure and thus collapse could possibly happen in this location.
The airspace in the mouth is nearly quiescent during both inspiration and expiration as shown in Figure 4b . There is limited flow activities on the upper area of the tongue, which concentrate in the vicinity of the soft palate's tip.
INTERPRETATION
In the last few years, the evolution of FSI methodologies gave rise to the realistic simulations of airway collapse (Wagshul, Sin, Lipton, Shifteh, & Arens, 2013) . In this work, our simulations provide a framework to study the mechanism of airway collapse in OSA. Our results in Figure 3 show that the behavior of the oropharynx is similar to the collapse of a flexible tube as the pressure drops below a certain value. Our results also reveal that the dynamics of the soft palate is drastically different between expiration and inspiration. During expiration the (a) Velocity distribution (b) Pressure distribution oropharynx expands slightly due to the increase in air pressure. However, it collapses during inspiration as the pressure drops. The collapse of the oropharynx is similar to the buckling of a flexible tube.
In addition, the mechanical properties of the soft palate and the oropharynx can also change under pathological conditions. Future works will focus on the pathological conditions of the soft palate. The relationship between the degree of collapse and the mechanical properties of the soft palate will be investigated.
The current work has several limitations. First, the 3D geometry was based on a healthy human. Thus, the anatomy of the upper airway does not reflect the pathological condition of OSA. Furthermore, we did not measure the elastic properties of the tissue in this specific subject, but rather used average properties from the literature. Finally, the oropharynx was simulated as an independent entity, which is not entirely correct since there exists a strong interaction between soft tissues surrounding the nasopharynx, oropharynx and the trachea due to the tracheal traction during lung expansion. Future works need to be carried out to address these issues.
